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EXPERIMENTAL DESIGN STUDIES AND FLOW V I S U A L I Z A T I O N  OF 
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R .  F. Hellbaum and J. N. McDermon 
Langley Research Center  
SUMMARY 
An expe r imen ta l  program was i n i t i a t e d  a t  t h e  Langley Research Center t o  
s t u d y  t h e  effects  o f  cer ta in  parameter  v a r i a t i o n s  on t h e  performance c h a r a c t e r ­
i s t i c s  o f  l amina r ,  p r o p o r t i o n a l ,  j e t - d e f l e c t i o n  f l u i d i c  a m p l i f i e r s .  The match­
i n g  and staging o f  a m p l i f i e r s  t o  o b t a i n  h igh  p r e s s u r e  g a i n  was inc luded ,  b u t  
dynamic effects  were n o t .  The parameter  v a r i a t i o n s  cons ide red  were a s p e c t  
r a t i o ,  s e t b a c k ,  c o n t r o l  l e n g t h ,  s p l i t t e r  d i s t a n c e ,  r ece ive r -duc t  w id th ,  wid th  
o f  cen te r -ven t  d u c t ,  and b i a s  p r e s s u r e .  Usable p r e s s u r e  g a i n s  o f  19 pe r  stage 
were ach ieved ,  and 5 a m p l i f i e r  stages were i n t e g r a t e d  t o  y i e l d  a n  o v e r a l l  p res ­
s u r e  g a i n  ofi 2 000 000.  
INTRODUCTION 
F l u i d i c  d e v i c e s  u t i l i z e  f low phenomena t o  manipula te  f l u i d  s i g n a l  i n t e l l i ­
gence which is r e p r e s e n t e d  by t h e  f l u i d i c  q u a n t i t i e s  o f  p r e s s u r e  and f low.  The 
a p p l i c a t i o n  o f  f l u i d i c  d e v i c e s  f o r  s i g n a l  i n fo rma t ion  c o n t r o l  and a m p l i f i c a t i o n  
r ece ived  great emphasis as  a f i e l d  o f  r e s e a r c h  i n  t h e  1960's. Ear ly  models of 
f l u i d i c  a m p l i f i e r s  u s u a l l y  ope ra t ed  i n  t u r b u l e n t  f low and had h igh  n o i s e  l e v e l s  
and l i m i t e d  g a i n .  Background in fo rma t ion  on t h e  p r i o r  development and des ign  
o f  j e t - d e f l e c t i o n  p r o p o r t i o n a l  a m p l i f i e r s  is d e s c r i b e d  i n  r e f e r e n c e  1 ,  which 
i n c l u d e s  a comprehensive sou rce  b ib l iog raphy .  
The purpose o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  b u i l d  and tes t  laminar-f low 
j e t - d e f l e c t i o n  p r o p o r t i o n a l  a m p l i f i e r s  i n  o r d e r  t o  de te rmine  t h e  effects o f  
design-parameter  v a r i a t i o n s  on performance and t o  e s t a b l i s h  t echn iques  o f  cas­
cad ing  a m p l i f i e r  stages f o r  h igh  o v e r a l l  g a i n .  High-gain p r o p o r t i o n a l  f l u i d i c  
a m p l i f i e r s  t h a t  are capab le  of s u f f i c i e n t l y  i n c r e a s i n g  t h e  low-pressure s i g n a l  
l e v e l s ,  such as t h e  o u t p u t  o f  a v o r t e x  rate s e n s o r ,  are needed t o  d r i v e  power 
a m p l i f i e r s .  
Tests were conducted on bo th  pneumatic and water models.  Pneumatic models 
were used t o  a c q u i r e  q u a n t i t a t i v e  d a t a ,  and water models provided  f low v i s u a l ­
i z a t i o n  and q u a l i t a t i v e  in fo rma t ion .  A mot ion-p ic ture  f i l m  supplement h a s  been 
prepared  i n  c o l o r  t o  p rov ide  t h e  r e a d e r  w i t h  f low v i s u a l i z a t i o n  f o r  v a r i o u s  
o p e r a t i n g  c o n d i t i o n s  and is a v a i l a b l e  on loan .  A r e q u e s t  c a r d  form and a 
d e s c r i p t i o n  o f  t h e  f i l m  are found a t  t h e  back of t h i s  paper .  P re l imina ry  r e s u l t s  
of  t h e  work are p resen ted  i n  r e f e r e n c e  2.  
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SYMBOLS 

BC c o n t r o l  l e n g t h ,  normalized t o  bs ( f i g .  2 )  
Bcv width  o f  cen te r -ven t  d u c t ,  normalized t o  bs ( f i g .  2 )  
B r  r ece ive r -duc t  w id th ,  normalized t o  bs ( f i g .  2 )  
Bsb s e t b a c k ,  normalized t o  bs ( f i g .  2)  
bm maneuvering wid th  ( f i g .  51, m 
bS supply-nozzle  wid th  ( f i g .  21 ,  m 
b t  wid th  o f  t h r o a t  between i n p u t  d u c t s  ( f i g .  21, m 
d d i s t a n c e  swept by supply  j e t  stream a t  r e c e i v e r  ( f i g .  18 ) ,  m 
GP p r e s s u r e  g a i n ,  Apo/Api 
hS supply-nozzle  depth  ( f i g .  21, m 
L r  r e c e i v e r  d i s t a n c e ,  normalized t o  bs ( f i g .  2 )  
LsP s p l i t t e r  distance,  normalized t o  bs ( f i g .  2 )  
NRe Reynolds number, based on dep th  o f  supp ly  d u c t ,  Qs/bsu 
pb b i a s  p r e s s u r e  (measured r e l a t i v e  t o  pvc ) ,  p e r c e n t  o f  supply  
P i 1  + Pi2  
p r e s s u r e  ps, x 100 
2PS 
P i t P i l , P i 2  i n p u t  p r e s s u r e  i n  a n  i n p u t  d u c t ,  measured r e l a t i v e  t o  pvc, P a  
APi i n p u t  d i f f e r e n t i a l  p r e s s u r e ,  P a  
Po9Pol,Po2 o u t p u t  p r e s s u r e  i n  an o u t p u t  ( r e c e i v e r )  d u c t ,  Pa 
*PO ou tpu t  d i f f e r e n t i a l  p r e s s u r e ,  Pa 
PS supply  p r e s s u r e ,  measured r e l a t i v e  to pvc, Pa 
pvc vent-chamber p r e s s u r e ,  measured r e l a t i v e  t o  r e t u r n  mani fo ld ,  Pa 
Q i , Q i l , Q i 2  i n p u t  f low i n  an  i n p u t  d u c t ,  m3/sec 
A Q i  i n p u t  d i f f e r e n t i a l  f l ow,  m3/sec 
QO~QOI~Q02 o u t p u t  flow i n  an  o u t p u t  ( r e c e i v e r )  d u c t ,  m3/sec 
QS supply  f low,  m3/sec 
I 
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VS average velocity in supply nozzle, m/sec 

0 supply jet-stream deflection angle (fig. 181, rad 
W kinematic viscosity, m2/sec 
U aspect ratio of supply duct from reference 5 (fig. 2) 
Instability is defined as the variation in the fluid parameters other than 

noise, for example, more than one operating point due to duct shape, hysteresis 

effects, or oscillations. 

Noise is defined as the unwanted nonperiodic fluctuations in fluid proper­
ties, typically generated by flow turbulence, environmental mechanical perturba­
tions, and so forth. 
Stability is defined as the constancy of fluid properties (i.e., pressure, 

flow, etc.) under specified operating conditions. 

APPARATUS AND TEST PROCEDURES 

Fluidic devices utilize flow phenomena to manipulate fluid signal intelli­
gence which is represented by the fluidic quantities of pressure and flow. 
Fluid signal intelligence is usually in the form of differential pressures 
between two parallel signal paths. Many parameters of fluidic devices are anal­
ogous with electrical quantities and functions, such as pressure level (voltage), 
flow (current), flow resistance (electrical resistance), pressure gain (voltage 
gain), and so forth. 
The fluidic amplifiers used in this investigation were proportional; that 
is, the output differential pressure is proportional to the applied input differ­
ential pressure. Such an amplifier (fig. 1 )  operates as follows: A jet of fluid 
from the supply nozzle flows through a control interaction region and impinges 
downstream on two output receiver ducts. A differential pressure applied across 
the two input ducts causes the supply jet to deflect as it passes through the 
control interaction region. The deflected jet then impinges more directly on 
one output receiver duct than the other; this deflection results in a differen­
tial output pressure which is proportional to the applied input differential 
pressure. If no differential input pressure is applied, the supply jet impinges 
equally on the two output receiver ducts and the differential output pressure is 
zero. Vents are provided to remove extraneous fluid and prevent unwanted local 
pressure gradients within the amplifier. 
Proportional pressure-controlled pneumatic fluidic amplifiers (ref. 3) 
were modified for this study by the addition of supply-flow conditioning so as 
to improve amplifier operation in the laminar-flow region. These amplifiers 
were then used to determine the effects of design-parameter variations on per­
formance and to study techniques of matching and staging for high overall pres­
sure gain. The parameters varied were aspect ratio 0, setback Bsb, control 
length Bc, splitter distance LSp, receiver-duct width BY, and width of the 
center-vent duct Bcv (figs. 1 and 2). Table 1 shows the range of dimensional 
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variations for the amplifier studied. The pneumatic models had a supply-nozzle 
width of 1 mm and the water models were eight times the size of the pneumatic 
models. 
Water Models 

The water models were machined from clear acrylic on a line-tracing milling 
machine which used line drawings generated by a computer. For the water-model 
tests (fig. 31 ,  cover and base plates provided a collection manifold for the 
vents, water connections, dye-trace input connections, and air bleed valves. 
The amplifier was sandwiched between the cover and base plates and was secured 
with large clamps. Figure 4 is a functional schematic of the test setup for 
water-flow visualization. In order to maintain constant supply-pressure condi­
tions and to minimize undesirable aeration, water was pumped up to a constant-
level supply tank from a large settling tank. The water then flowed through a 
test model to the constant-level drain tank. Three flow meters between the sup­
ply tank and the test model monitored supply flow and each input flow. The sup­
ply stream (red) and each input stream (blue and yellow) were tinted with a dif­
ferent color dye to aid visualization of flow phenomena. Provisions were also 
made to tag individual streamlines in the supply flow with dark green-dye traces 
(figs. 4 and 5). Alcohol was added to the dye to compensate for the higher den­
sity of the dye trace in the water (ref. 4). 
The large transparent water models provided an excellent method of visual­

izing complex flow phenomena of fluidic amplifiers. 
 Some parameter variations 

produce easily observed changes in flow which are clearly shown in the color 

film supplement. Other characteristics, however, such as gain changes, are not 

readily observable and must be determined by other means. The pneumatic models 

were used for quantitative investigations. 

Pneumatic Models 

The pneumatic models were machined on a pantograph milling machine, using

the water models as templates. Figure 6 is a functional schematic of pneumatic-

model tests and shows pressure and flow test points. The test instrumentation 

included pressure transducers (capacitance type), flow meters (laminar-flow 

tubes), and a fluidic signal generator. Supply and input pressures were mea­

sured relative to vent-chamber pressure, and output and vent-chamber pressures 

were measured relative to ambient pressure. The flows Q,, Qil, Qi2, Qol, 

and Q02 were also monitored. All of the vents of the test amplifier were 

vented to a common collection manifold (vent chamber) contained in the test 

cover block shown in figure 7. The vent chamber was vented to atmosphere 

through a variable restrictor valve used to set and control vent-chamber pres­

sure. Input and output differential pressures were recorded on an x-y plotter 

to measure gain. 

In setting up the pneumatic-model tests, output flow was adjusted by means 

of the output restrictor valves to simulate the loading effect which would be 

presented by a following amplifier stage. The fluid signal generator was then 

used to adjust the input-duct steady-state pressure (i.e., the pressure in the 
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i n p u t  d u c t  w i t h  no d i f f e r e n t i a l  i n p u t  p r e s s u r e  a p p l i e d )  w i t h  t h e  v e n t  chamber 
opened t o  a tmosphere t o  s i m u l a t e  t h e  p r e s s u r e  and f low effects  o f  a p r e v i o u s  
a m p l i f i e r  stage. The ave rage  o f  t h e  s t e a d y - s t a t e  p r e s s u r e s  o f  t h e  two i n p u t  
d u c t s  w i t h  no d i f f e r e n t i a l  i n p u t  p r e s s u r e  a p p l i e d  i s  h e r e i n a f t e r  referred t o  as 
t h e  b i a s  p r e s s u r e .  The r e s t r i c t o r  v a l v e  on t h e  vent-chamber exhaus t  l i n e  w a s  
t hen  a d j u s t e d  t o  se t  t h e  bias p r e s s u r e  t o  t h e  same p r e s s u r e  as t h e  vent-chamber 
p r e s s u r e .  The s i g n a l  g e n e r a t o r  is a d e v i c e  which g e n e r a t e s  a d i f f e r e n t i a l  p re s ­
s u r e  and a l l o w s  independent  v a r i a t i o n  o f  bias p r e s s u r e  and d i f f e r e n t i a l  p r e s s u r e  
Ampl i f ie r  p r e s s u r e  g a i n  was determined by va ry ing  t h e  d i f f e r e n t i a l  p r e s s u r e  o f  
t h e  d u c t s  and measuring t h e  o u t p u t  d i f f e r e n t i a l  p r e s s u r e  wh i l e  t h e  bias p r e s s u r e  
was he ld  c o n s t a n t  by t h e  s i g n a l  g e n e r a t o r .  The s i g n a l  g e n e r a t o r  was then  set 
t o  a d i f f e r e n t  b i a s  p r e s s u r e ,  and g a i n  was r e p l o t t e d .  Data were c o l l e c t e d  f o r  
b i a s  p r e s s u r e s  o f  0 p e r c e n t ,  25 p e r c e n t ,  and 210 p e r c e n t  o f  supply  p r e s s u r e .  
DISCUSSION AND RESULTS 
Reynolds Number 
Reynolds number is  a nondimensional  number c h a r a c t e r i s t i c  o f  t h e  f low o f  a 
f l u i d  i n  a channel  o r  p a s t  an o b s t r u c t i o n .  As used i n  t h i s  p a p e r ,  i t  is ana l ­
ogous t o  p i p e  f low where t h e  supply-nozz le  dep th  hs ( f i g .  2)  is  used as t h e  
c h a r a c t e r i s t i c  dimension.  (See ref .  1.) As shown i n  e q u a t i o n  (11 ,  t h e  Reynolds 
number N R e  a t  t h e  supply  n o z z l e  is  t h e  product  o f  t h e  ave rage  v e l o c i t y  of t h e  
supply  f low through t h e  nozz le  Vs and t h e  n o z z l e  dep th  h,, d i v i d e d  by t h e  
k inemat i c  v i s c o s i t y  u; t h a t  is,  
The supply  f low Qs is expressed  as t h e  product  of t h e  c r o s s - s e c t i o n a l  area o f  
t h e  supply  n o z z l e  (bshs) and t h e  ave rage  supply  v e l o c i t y  V,; t h a t  is ,  
Qs = bshsVs (2 )  
which can be r e w r i t t e n  as 
QS
hsVs - ( 3 )  
bS 
Equat ion  ( 3 )  can be s u b s t i t u t e d  i n t o  e q u a t i o n  ( 1 )  t o  y i e l d  
which i s  a more conven ien t  form. A t y p i c a l  p l o t  o f  p r e s s u r e  g a i n  as a f u n c t i o n  
of Reynolds number f o r  a pneumatic a m p l i f i e r  is p r e s e n t e d  i n  f i g u r e  8 ,  from 
which i t  can be seen  t h a t  p r e s s u r e  g a i n  peaks  a t  a Reynolds number of approxi ­
mate ly  800 and t h e r e a f t e r  s lowly  d e c r e a s e s  w i t h  Reynolds number. Noise a l s o  
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i n c r e a s e s  as Reynolds number i n c r e a s e s .  Photographs of t h e  f low f i e l d s  found 
i n  t h e  f l u i d i c  a m p l i f i e r  f o r  s e v e r a l  Reynolds numbers are p resen ted  i n  f i g u r e  9 .  
A t  N R ~= 250, t h e  f low is ve ry  q u i e t  ( f i g .  9 ( a ) )  and t h e  p r e s s u r e  g a i n  is  low 
( f i g .  8 ) ;  a t  N R ~  800, t h e  f low i s  q u i e t  ( f i g .  9 ( b ) )  and t h e  p r e s s u r e  g a i n  is  
n e a r  maximum ( f i g .  8 ) ;  and a t  N R e  = 1600, t h e  supply  stream is t u r b u l e n t  
( f i g .  9 ( c ) )  and ve ry  n o i s y .  
Aspect R a t i o  
The a s p e c t  r a t i o  0 o f  a f l u i d i c  a m p l i f i e r  i s  t h e  r a t i o  o f  supply-nozzle  
dep th  hs t o  supply-nozzle  wid th  bs ( f i g .  2 ) .  If  a m p l i f i e r s  o f  t h e  same 
plan-view s i l h o u e t t e  b u t  o f  d i f f e r e n t  supply-duct  d e p t h s  ( i . e . ,  d i f f e r e n t  a s p e c t  
r a t i o s )  are ope ra t ed  a t  t h e  same Reynolds number N R ~ ,t h e  g a i n ,  f l ow,  and b i a s  
p r o p e r t i e s  o f  t h e  a m p l i f i e r s  are e s s e n t i a l l y  t h e  same; however, t h e  r e q u i r e d  
o p e r a t i n g  p r e s s u r e s  w i l l  d i f f e r .  Fo r  example,  a n  a m p l i f i e r  w i th  a supply  d u c t  
o f  1.5-mm depth  and 1-mm width  ( a  = 1 .5 )  can  be ope ra t ed  a t  a supply  p r e s s u r e  
o f  133 P a ,  whereas a n  a m p l i f i e r  w i th  a supply  d u c t  o f  0.3-mm dep th  and I-mm 
wid th  ( 0  = 0 . 3 )  would r e q u i r e  a supp ly  p r e s s u r e  50 times greater t o  o p e r a t e  a t  
t h e  same Reynolds number. 
B i a s  P r e s s u r e  
Bias p r e s s u r e  Pb is t h e  ave rage  p r e s s u r e  o f  t h e  two i n p u t  c o n t r o l  d u c t s  
expressed  as a pe rcen tage  o f  t h e  supp ly  p r e s s u r e  ps; t h a t  is ,  
B i a s  p r e s s u r e  a f f ec t s  t h e  g a i n ,  s t a b i l i t y ,  and n o i s e  l e v e l  o f  a f l u i d i c  ampli­
f ie r .  P r e s s u r e  g a i n  as a f u n c t i o n  o f  b i a s  p r e s s u r e  i s  p l o t t e d  i n  f i g u r e  10;  
t h i s  t y p i c a l  p l o t  shows t h a t  h igh  p o s i t i v e  b i a s  p r e s s u r e  r educes  g a i n  and t h a t  
low b i a s  p r e s s u r e  reduces s t a b i l i t y .  A s  b i a s  p r e s s u r e  i s  reduced ,  g a i n  u s u a l l y  
i n c r e a s e s  u n t i l  an  u n s t a b l e  c o n d i t i o n  is reached ,  b u t  a maximum g a i n  may occur  
be fo re  t h e  u n s t a b l e  c o n d i t i o n  is reached .  It can be seen  from f i g u r e  I l ( a )  t h a t  
t h e  supply  stream ( r e d )  i s  squeezed i n  as t h e  h igh  b i a s  f low ( b l u e  and ye l low)  
from t h e  c o n t r o l s  s p i l l s  through t h e  t h r o a t  a t  t h e  downstream edge o f  t h e  con­
t r o l s .  F i g u r e  I l ( b )  shows two tagged s t r e a m l i n e s  ( g r e e n )  i n  t h e  supp ly  f low f o r  
a large n e g a t i v e  b i a s  c o n d i t i o n .  The f low i n  t h e  c o n t r o l  d u c t s  i s  n e g a t i v e  and 
moves o u t  through t h e  i n p u t  c o n t r o l  d u c t s .  The f low is  u n s t a b l e  i n  t h e  c e n t e r  
p o s i t i o n ,  t h a t  is,  i n  a f l i p - f l o p  c o n d i t i o n ,  and t h e  photograph ( f i g .  l l ( b ) )  was 
t aken  as t h e  supply  stream swi tched  from one ou tpu t  t o  t h e  o t h e r .  
I 
Vent-Chamber P r e s s u r e  t 
; 
IThe v e n t  chamber c o l l e c t s  a l l  of t h e  f low from t h e  v a r i o u s  v e n t s  o f  a n  I 
a m p l i f i e r  and e x h a u s t s  t h i s  f low t o  t h e  low-pressure r e t u r n  l i n e  through a v a r i ­
a b l e  r e s t r i c t o r  v a l v e ,  which the reby  sets  and c o n t r o l s  t h e  vent-chamber p r e s s u r e  
pvc. If t h e  vent-chamber p r e s s u r e  is i n c r e a s e d  by r e s t r i c t i n g  exhaus t  f low,  
bias pressure Pb is decreased and amplifier gain is affected, which was noted 
previously and illustrated in figure 10. Controlling amplifier gain with vent-
chamber pressure was found to be very convenient. 
Setback and Input Resistance 

Setback BSb is the distance between the downstream edge of an input duct 
and an ideal, nonexpanded, centered supply jet stream. Setback is normalized 
to supply-nozzle width bs (fig. 2)  and is calculated from the following
equation: 
Maneuvering width bm (fig. 5 )  is the width between the downstream edge of the 
input duct and a real supply jet stream. Maneuvering width is the significant 
parameter under investigation, rather than the parameter Bsb (width for an 
ideal supply jet stream). However, maneuvering width is impractical to deter­
mine because of the difficulties of accurately measuring or calculating the 
width of the real supply jet stream. Therefore, setback Bsb is ordinarily 
used to make comparative measurements in practical applications. 
Setback and bias pressure are two important parameters which affect the 
input impedance of fluidic amplifiers. The usually employed term Ifinputimped­
ance" is a complex concept. (See ref. 5 . )  For the purposes of the present 
paper, the input-impedance parameter is taken as the resistance to input-duct 
flow (input resistance) and is expressed as the ratio of Api to AQi. Set­
back affects amplifier bias, gain, gain-saturation characteristics, and input-
impedance characteristics. As B,. is reduced, pressure gain increases, as 
shown in figure 12, but gain-saturation characteristics deteriorate, as 
described subsequently. 
Fluid resistance is indicated by the slope of the curve generated by plot­
ting input pressure pi as a function of input flow Qi. The slopes of the 
curves in figure 13 illustrate changes in input-duct flow resistance for two 
setback dimensions Bsb = 0.063 (purple curve) and Bsb = 0.625 (blue curve). 
The smaller value of setback allows less input flow, that is, higher input resis­
tance (slope of purple curve), than the larger value of setback (slope of blue 
curve). The slopes of the blue and purple curves show the input resistance to 
bias flow; this resistance is the jet-centered or undeflected input resistance 
generated by keeping the input differential pressure Api equal to zero. The 
shorter intersecting curves (red and green) of constant-bias pressure are exam­
ples of flow-resistance characteristics generated by keeping bias pressure con­
stant in the two input ducts and by varying the differential pressure between 
them. The differential-pressure variation deflects the supply jet stream, 
thereby causing a less restrictive path for the input flow. This effect can be 
seen in figure 14, which shows a deflected supply stream. The less restrictive 
path is shown by the increased width of the blue control path between the supply 
stream and the downstream edge of the control. Figure I 3  illustrates two impor­
tant characteristics of input resistance. First, the resistance to signal flow, 
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i n d i c a t e d  by t h e  s l o p e s  o f  t h e  r e d  and g reen  c u r v e s ,  is  less than  t h e  r e s i s t a n c e  
t o  b i a s  f low,  i n d i c a t e d  by t h e  s l o p e s  o f  t h e  b l u e  and p u r p l e  c u r v e s ;  and second,  
as b i a s  p r e s s u r e s  are i n c r e a s e d ,  t h e  r e s i s t a n c e  t o  s i g n a l  f low d e c r e a s e s  on ly  
s l i g h t l y ,  as  i n d i c a t e d  by comparing ( f o r  a p a r t i c u l a r  s e t b a c k )  t h e  s l o p e  of a 
g r e e n  cu rve  t o  t h e  s l o p e  o f  a r e d  cu rve .  The p r e s s u r e  and f low i n  t h e  c o n t r o l  
d u c t s  can be n e g a t i v e .  
S i n c e  t h e  s e t b a c k  dimension affects p res su re -ga in  c h a r a c t e r i s t i c s ,  t h e  
s e l e c t i o n  o f  a s e t b a c k  dimension depends on t h e  in t ended  a m p l i f i e r  a p p l i c a t i o n .  
F igu re  15 shows t h r e e  concep tua l  p re s su re -ga in  c u r v e s  which i n c l u d e  s a t u r a t i o n  
r e g i o n s  (where t h e  d i f f e r e n t i a l  o u t p u t  p r e s s u r e  Apo no longe r  i n c r e a s e s  
d i r e c t l y  w i t h  i n c r e a s i n g  i n p u t  d i f f e r e n t i a l  p r e s s u r e  A p i ) .  If t h e  a p p l i c a t i o n  
a l l o w s  g a i n  s a t u r a t i o n ,  i t  is  u s u a l l y  d e s i r a b l e  f o r  Apo t o  remain a t ,  o r  c l o s e  
t o ,  maximum, as shown i n  t h e  concep tua l  cu rve  of f i g u r e  1 5 ( a ) .  Such a ga in -
s a t u r a t i o n  c h a r a c t e r i s t i c  would be ob ta ined  a t  t h e  h i g h e r  v a l u e s  o f  s e t b a c k ,  
such  as Bsb = 0.625 t o  Bsb = 1.0. However, as s e t b a c k  is reduced t o  produce 
h i g h e r  p r e s s u r e  g a i n ,  t h e  g a i n - s a t u r a t i o n  c h a r a c t e r i s t i c  d e t e r i o r a t e s ,  as shown 
c o n c e p t u a l l y  i n  f i g u r e  1 5 ( b ) .  D i f f e r e n t i a l  o u t p u t  p r e s s u r e  a f te r  s a t u r a t i o n  
is  reduced because t h e  supply  stream is d e f l e c t e d  o f f  t h e  downstream edge o f  
t h e  i n p u t  d u c t ,  as shown v i s u a l l y  i n  f i g u r e  16 and i n  t h e  f i l m  supplement .  
An example of a s a t u r a t i o n  c h a r a c t e r i s t i c  f o r  an  ex t remely  low se tback  i s  shown 
c o n c e p t u a l l y  i n  f igure 1 5 ( c ) .  P r e s s u r e  g a i n  is  ve ry  h igh  i n  t h e  l i n e a r  r e g i o n ,  
bu t  t h e  ou tpu t  s i g n a l  Apo r e v e r s e s  p o l a r i t y  i n  g a i n  s a t u r a t i o n  and is  u n s t a b l e  
i n  a manner probably no t  u s e f u l  f o r  any a p p l i c a t i o n .  The i n s t a b i l i t y  of t h e  
p re s su re -ga in  c h a r a c t e r i s t i c s  of f i g u r e  1 5 ( c )  occur red  a t  low b i a s  pressures 
which produced n e g a t i v e  f low i n  one o r  both  of t h e  i n p u t  d u c t s  and caused t h e  
supply  j e t  stream t o  impinge upon t h e  downstream edge o f  t h e  i n p u t  d u c t .  
Con t ro l  Length 
Con t ro l  l e n g t h  Bc ( f i g .  2 )  i s  t h e  d i s t a n c e  from t h e  supply  nozz le  t o  t h e  
t h r o a t ,  t h a t  i s ,  t h e  downstream edge o f  t h e  i n p u t  d u c t .  I n c r e a s i n g  t h e  c o n t r o l  
l e n g t h  i n c r e a s e s  t h e  area over  which t h e  i n p u t  p r e s s u r e  a c t s ,  t h u s  producing 
greater d e f l e c t i o n  f o r c e .  I n c r e a s i n g  t h e  normalized c o n t r o l  l e n g t h  Bc from 
1 .25  t o  5.25 i n c r e a s e s  g a i n ,  as shown i n  f igure 17. 
However, i n c r e a s i n g  t h e  c o n t r o l  l e n g t h  d e c r e a s e s  maneuvering width bm, 
which is  shown as t h e  c l e a r a n c e  between t h e  supply  stream and t h e  downstream 
edge o f  t h e  i n p u t  d u c t  i n  f i g u r e  5 .  Decreased maneuvering width a d v e r s e l y  
affects  g a i n - s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  a m p l i f i e r .  Inc reased  maneuvering 
wid th  is r e q u i r e d  f o r  j e t  d e f l e c t i o n  i f  larger c o n t r o l  l e n g t h s  are employed. 
Add i t iona l  maneuvering width is  achieved  by i n c r e a s i n g  s e t b a c k ,  which, however, 
d e c r e a s e s  g a i n  and i n p u t  r e s i s t a n c e .  
S p l i t t e r  D i s t ance  
S p l i t t e r  d i s t a n c e  LSp ( f i g .  2 )  is  t h e  d i s t a n c e  from t h e  supply-duct  noz­
z l e  t o  t h e  r e c e i v e r  d u c t s .  There are two opposing f a c t o r s  t o  be cons ide red  i n  
choos ing  s p l i t t e r  d i s t a n c e .  F i r s t ,  a m p l i f i e r  g a i n  i n c r e a s e s  wi th  normalized 
s p l i t t e r  d i s t a n c e  LSp because sweep d i s t a n c e  d ( f i g .  18) i n c r e a s e s  w i t h  
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s p l i t t e r  d i s t a n c e  LSp f o r  any p a r t i c u l a r  supply  jet-stream d e f l e c t i o n  a n g l e  
0 .  	 The opposing c o n s i d e r a t i o n  is  t h e  sp read ing  and s lowing o f  t h e  supply  j e t  
stream as it proceeds  downstream. F i g u r e s  l 9 ( a )  and 1 9 ( b )  c o n c e p t u a l l y  i l l u s ­
t ra te  d i f f e r e n c e s  i n  ou tpu t -p res su re  p r o f i l e s  as a f u n c t i o n  o f  sweep d i s t a n c e  
f o r  two a m p l i f i e r s  having  d i f f e r e n t  s p l i t t e r  d i s t a n c e s .  Longer s p l i t t e r  d i s ­
t a n c e  r e q u i r e s  greater sweep distances for e q u a l  ou tpu t -p res su re  increments .  
Optimum g a i n  as  a f u n c t i o n  o f  normalized s p l i t t e r  d i s t a n c e  LSp was found t o  
occur  a t  approximate ly  n i n e .  (See f i g .  20.)  
Receiver-Duct Width 
The p r o c e s s  o f  de t e rmin ing  r ece ive r -duc t  wid th  ( f i g .  2) i n v o l v e s  s e v e r a l  
t r a d e - o f f s .  The p r e s s u r e  a t  t h e  r e c e i v e r  d u c t  is  t h e  ave rage  of t h e  impinging 
p r e s s u r e  p r o f i l e  o f  t h e  supply  j e t .  A s  shown i n  f i gu re  21 ,  narrower r e c e i v e r -
d u c t  w i d t h s  produce h i g h e r  g a i n .  However, narrower r e c e i v e r  d u c t s  a l s o  have 
h i g h e r  r e s i s t a n c e  t o  flow. Thus, i f  larger ou tpu t  f low is  r e q u i r e d  f o r  a low 
i n p u t  r e s i s t a n c e  t o  a fo l lowing  s t a g e  or  l o a d ,  a wide r  r e c e i v e r - d u c t  w i d t h  f o r  
low e f f e c t i v e  ou tpu t  r e s i s t a n c e  is r e q u i r e d .  P r a c t i c a l  c o n s i d e r a t i o n s  i n  choos­
i n g  small duc t  w i d t h s  are f a b r i c a t i o n  and s u s c e p t i b i l i t y  t o  d i s t u r b a n c e s  i n  
o p e r a t i o n  caused by contaminat ion .  
Width o f  Center-Vent Duct 
F i g u r e  22 shows t h a t  p r e s s u r e  g a i n  decreases wi th  i n c r e a s i n g  wid th  o f  
cen te r -ven t  d u c t  Bcv. E x t r a p o l a t i o n  o f  f i g u r e  22 i m p l i e s  t h a t  h i g h e s t  g a i n  
would be r e a l i z e d  w i t h  no c e n t e r  v e n t ,  bu t  t h i s  is  n o t  t h e  case i n  a c t u a l  prac­
t i c e  ( re fs .  5 and 6 ) .  The cen te r -ven t  c o n f i g u r a t i o n  was chosen f o r  t h i s  s tudy  
t o  o b t a i n  lower ave rage  o u t p u t  p r e s s u r e s  a t  t h e  r e c e i v e r s  t o  f a c i l i t a t e  cascad­
i n g  s t a g e s .  T h i s  is  desirable because t h e  b i a s  p r e s s u r e  a t  t h e  i n p u t  of a 
cascaded-ampl i f i e r  stage is  t h e  o u t p u t  of t h e  p reced ing  s t a g e .  Thus, i t  may be 
advantageous  t o  minimize t h e  ave rage  o u t p u t  p r e s s u r e  of i n t e r m e d i a t e  stages by 
employing c e n t e r  v e n t s  t o  remove a p o r t i o n  o f  t h e  mids t ream f low when cascad ing  
stages. The va lue  B, = 0.75 was chosen f o r  t h e  working models o f  t h i s  s tudy  
as a p r a c t i c a l  t r a d e - o f f  among g a i n ,  f a b r i c a t i o n ,  and s u s c e p t i b i l i t y  t o  d u c t  
blockage by con tamina t ion .  
Supply-Flow Cond i t ion ing  
Supply-flow c o n d i t i o n i n g  was used i n  t h i s  i n v e s t i g a t i o n  o f  f l u i d i c - a m p l i f i e r  
performance t o  minimize f low p e r t u r b a t i o n s  caused  by v a r i a t i o n s  i n  the  incoming 
supply  f l u i d .  Supply-flow c o n d i t i o n i n g  was accomplished by t h e  long  s e c t i o n  of 
f low s t r a i g h t e n e r s  ( f i g .  1 1 ,  fo l lowed by a converg ing  s e c t i o n  o f  d u c t  where the  
f low was r a p i d l y  accelerated t o  t h e  supply  nozz le .  
Cascading Ampl i f i e r s  f o r  High O v e r a l l  P r e s s u r e  Gain 
A s  no ted  i n  the  i n t r o d u c t i o n ,  one of t h e  o b j e c t i v e s  o f  t h i s  s t u d y  was t o  
i n v e s t i g a t e  improvement o f  t echn iques  o f  cascad ing ,  p r o p o r t i o n a l  f l u i d i c  ampli­
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f ie rs  f o r  h igh  o v e r a l l  p r e s s u r e  g a i n .  It is  impor t an t  t h a t  a h igh-pressure-ga in  
a m p l i f i e r  o p e r a t e  i n  laminar  f low to  minimize t h e  n o i s e  i n t e r f e r e n c e  a s s o c i a t e d  
w i t h  t u r b u l e n t  flow, which can s u b s t a n t i a l l y  reduce  t h e  t h r e s h o l d  s e n s i t i v i t y  o f  
low- leve l  o u t p u t  d e v i c e s  such as a v o r t e x  rate s e n s o r .  The c h o i c e s  o f  p rope r  
a s p e c t  r a t i o  and vent-chamber p r e s s u r e  were found t o  be  fundamenta l ly  impor t an t  
f o r  ca scad ing ,  m u l t i s t a g e  f l u i d i c  a m p l i f i e r s  i n  o r d e r  t o  o b t a i n  h igh  o v e r a l l  
p r e s s u r e  g a i n .  
I n  t h i s  s t u d y ,  f i v e  stages o f  laminar-f low a m p l i f i e r s  w i th  t h e  same p l a n  
view were cascaded f o r  h igh  o v e r a l l  p r e s s u r e  g a i n .  Each s u c c e s s i v e  stage had a 
lower a s p e c t  r a t i o  and a h i g h e r  supp ly  p r e s s u r e ,  which r e s u l t e d  i n  a l l  stages 
o p e r a t i n g  a t  approximate ly  t h e  same Reynolds number, w i t h  adequate  s t age - to ­
stage impedance matching.  
Each a m p l i f i e r  stage had an  i n d i v i d u a l  v e n t  chamber and v a r i a b l e  r e s t r i c t o r  
v a l v e  which al lowed i t s  vent-chamber and bias p r e s s u r e s  t o  be c o n t r o l l e d  inde­
penden t ly  o f  o t h e r  stages. T h i s  t echn ique  pe rmi t t ed  t h e  cascaded-ampl i f ie r  b i a s  
p r e s s u r e s  t o  be s e t  f o r  t h e  d e s i r e d  h igh  end-to-end p r e s s u r e  g a i n  and ,  a t  t h e  
same time, provided  f o r  i n t e r s t a g e  impedance match l l tuningl l  f o r  b e s t  o v e r a l l  
performance ( ref .  7 ) .  I n  e f fec t ,  t h e  a d j u s t a b l e  vent-chamber r e s t r i c t o r s  a l l o w  
t h e  o p e r a t i n g  p o i n t  o f  each stage o f  t h e  a m p l i f i e r  t o  be s e t  a t  t h e  optimum 
t r ade -o f f  p o i n t  between h igh  g a i n  and s t a b i l i t y .  
F i v e  i n d i v i d u a l  a m p l i f i e r s  ( l i k e  t h e  one shown i n  f i g .  7 )  were s t aged  
t o g e t h e r  t o  y i e l d  a s t a b l e  o v e r a l l  p r e s s u r e  g a i n  s l i g h t l y  i n  excess  of 
2 000 000. These f i v e  a m p l i f i e r s  were d r i v e n  by a c o n s t a n t - b i a s  f l u i d i c  s i g n a l  
g e n e r a t o r  and f e d  i n t o  a blocked-output  l oad  ( i . e . ,  no o u t p u t  f low b u t  h igh  out ­
p u t  p r e s s u r e ) ;  g a i n  could  be a d j u s t e d  t o  a peak o f  abou t  2 250 000, b u t  a s l i g h t  
r e d u c t i o n  i n  g a i n  provided more s table  o p e r a t i o n .  F i v e  a m p l i f i e r s  o f  i d e n t i c a l  
plan-view s i l h o u e t t e  were i n t e g r a t e d  i n t o  a s i n g l e  b lock  and are shown i n  f i g ­
u r e  23. Supply and ven t  man i fo lds  were cast  i n t o  t h e  b lock  wi th  p r o v i s i o n s  f o r  
a t t a c h i n g  supply and vent-chamber ad jus tment  r e s t r i c t o r s .  T h i s  c o n f i g u r a t i o n ,  
d r i v e n  by a v o r t e x  ra te  s e n s o r ,  produced an  o v e r a l l  p r e s s u r e  g a i n  o f  100 000 
when d r i v i n g  a p a i r  o f  diaphragms (b locked  l o a d ) .  Higher u s e f u l  g a i n s  could  be 
r e a l i z e d  i n  o t h e r  a p p l i c a t i o n s .  The nominal supply  p r e s s u r e s  f o r  t h e  f i v e  
stages were 113 P a ,  500 P a ,  1000 P a ,  2000 P a ,  and 6000 P a ;  and a s p e c t  r a t i o s  
f o r  t h e  1-mm-wide supply-duct  n o z z l e s  were 1.5,  0 .75,  0 . 5 ,  0.375, and 0 .3 ,  
r e s p e c t i v e l y .  
CONCLUDING REMARKS 
A s t u d y  h a s  been made o f  t h e  e f fec ts  o f  d imens iona l  and ope ra t ing -cond i t ion  
v a r i a t i o n s  on performance c h a r a c t e r i s t i c s  o f  p r o p o r t i o n a l  laminar-f low je t -
d e f l e c t i o n  f l u i d i c  a m p l i f i e r s .  Dimensions and o p e r a t i n g  c o n d i t i o n s  were v a r i e d  
one a t  a time t o  de te rmine  t h e  c h a r a c t e r i s t i c  changes a t t r i b u t a b l e  t o  each. 
parameter .  Aspect r a t i o  and vent-chamber p r e s s u r e  were found t o  be t h e  two most 
impor t an t  pa rame te r s  a f f e c t i n g  t h e  m u l t i s t a g e  performance o f  t h e s e  a m p l i f i e r s .  
It was found t h a t  t h e r e  is  an  optimum Reynolds number f o r  maximum g a i n  f o r  
a s p e c i f i c  des ign  o f  a laminar-f low p r o p o r t i o n a l  a m p l i f i e r .  I n  o r d e r  t o  accom­
modate d i f f e r e n t  supply  p r e s s u r e s ,  t h e  a s p e c t  r a t i o  can  be  changed t o  ma in ta in  a 
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c o n s t a n t  Reynolds number. Pressure ga in  a s  a f u n c t i o n  o f  b i a s  l e v e l  was found 
t o  be c o n t r o l l a b l e  wi th  vent-chamber p r e s s u r e .  I n c r e a s i n g  t h e  s e t b a c k  dimension 
reduced g a i n  and r e s i s t a n c e  t o  i n p u t  b i a s  f low and improved g a i n - s a t u r a t i o n  
c h a r a c t e r i s t i c s .  I n c r e a s i n g  c o n t r o l  l e n g t h  i n c r e a s e d  g a i n  b u t  a d v e r s e l y  
a f f e c t e d  g a i n  s a t u r a t i o n .  The optimum s p l i t t e r  d i s t a n c e  was found t o  be  approx­
ima te ly  n i n e  times t h e  supply-duct  w id th .  P r e s s u r e  ga in  w a s  found t o  i n c r e a s e  
w i t h  d e c r e a s i n g  wid th  o f  cen te r -ven t  d u c t .  Decreasing rece ive r -duc t  wid th  
i n c r e a s e d  ga in  b u t  a l s o  i n c r e a s e d  o u t p u t  r e s i s t a n c e .  Independent  ad jus tmen t  
c a p a b i l i t y  o f  vent-chamber p r e s s u r e  i n  each  stage i s  impor t an t  f o r  h igh  o v e r a l l  
p r e s s u r e  g a i n  o f  m u l t i s t a g e  f l u i d i c  a m p l i f i e r s  and p e r m i t s  impedance matching 
and o p t i m i z a t i o n .  I n  e f fec t ,  t h e  a d j u s t a b l e  vent-chamber r e s t r i c t o r s  a l l o w  t h e  
o p e r a t i n g  p o i n t  o f  each stage o f  t h e  a m p l i f i e r  t o  be set  a t  t h e  optimum t r a d e -
off  p o i n t  between h igh  g a i n  and s t a b i l i t y .  F i v e  pneumatic f l u i d i c  a m p l i f i e r s  
were s t aged  t o g e t h e r  and were found t o  y i e l d  s t a b l e  o v e r a l l  p r e s s u r e  g a i n  
s l i g h t l y  i n  excess  o f  2 000 000. The f i n d i n g s  and d a t a  o f  t h i s  s t u d y  should  be  
a u s e f u l  gu ide  f o r  t h e  d e s i g n ,  c o n s t r u c t i o n ,  and o p e r a t i o n  o f  p r o p o r t i o n a l  
laminar-f low f l u i d i c  a m p l i f i e r s .  
Langley Research Center  

Nat iona l  Aeronau t i c s  and Space Admin i s t r a t ion  

Hampton, VA 23665 
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TABLE 1.- RANGE OF DIMENSIONAL V A R I A T I O N S  FOR AMPLIFIER 

PARAMETERS NORMALIZED TO bs 

[bS = 1 mm f o r  pneumatic models; b, = 8 mm f o r  water models 3 

* Aspect r a t i o ,  CY . . . . . . . . . . . . . . . . . . . .  0.25, 0.5, 0.75, 1.5 
Setback, B,b . . . . . . . . . . . . . .  0, 0.063, 0.125, 0.25, "0.375, 0.625 
* C o n t r o l  l e n g t h ,  B, . . . . . . . . . . . . . . .  1.25, 2.25, 3.25, 4.25, 5 - 2 5  
* S p l i t t e r  d i s t a n c e ,  Lsp . . . . . . . . . . . . . .  8.3, 9.3, 10.3, 11.3, 12.3 
* Receiver-duct  w i d t h ,  Br . . . . . . . . . . . . . . . .  0.65, 0.8, 1.0, 1.5 
* 
Width of center -vent  d u c t ,  Bcv . . . . . . . . . . . .  0.65, 0.75, 0.85, 1.0 
* Value about  which o t h e r  parameters  were v a r i e d  one a t  a time. 
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Figure 1.- Pneumatic fluidic amplifier. 
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Figure 2.- Amplifier parameters. 
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Figure 3.- Two water models. 
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1 Figure 4.- Functional schematic for water-flow visualization. 
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Figure 5.- Water model with tagged streamlines in supply flow. 
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Figure 6.- Functional schematic f o r  pneumatic-model tests. 
L-74-3523. I 
Figure 7.- Two pneumatic models. One assembled with test cover block. 
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Figure 8.- Pressure gain as a function of Reynolds number. U = 0.75, 
L-77-24 4 

( a )  NRe = 250. 
F igu re  9.- Flow f i e l d s  i n  t h e  f l u i d i c  a m p l i f i e r  f o r  Reynolds numbers o f  250, 800, and 1600. 
=( b )  N R ~  800. 
Figure 9 . - Continued. 
(c) N R ~= 1600. L-77-246 
Figure 9.- Concluded .  
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F i g u r e  10.- P r e s s u r e  g a i n  as  a f u n c t i o n  of  bias p r e s s u r e .  cJ = 1.5. 
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(a) High bias condition. 

Figure 11.- Plow fields in the fluidic amplifier for high and low bias conditions. 
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Figure  12.- Pressure  g a i n  as a func t ion  of se tback .  N R ~= 800;  Pb i s  5 percent  of ps.  
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Figure 13.- Input characteristics of two amplifiers (Bsb = 0.063 
and 0.625) for both constant signal (Api = 0 )  and constant 
bias pressure (Pb = 0 and 5 percent). 
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L-77-249 
Figure 14.- Typical flow field in the fluidic amplifier with a deflected jet resulting 

from a differential input pressure. 
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(a) Flat maximum differential output pressure. 
( b )  Reduced differential output pressure. 
( c )  Reversed differential output pressure. 

Figure 15.- Conceptual pressure gain for three saturation characteristics. 
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F i g u r e  16 . - Supply stream d e f l e c t e d  off  downstream edge of i n p u t  d u c t .  
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Figure 17.- Pressure gain as a function of control length. 
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Figure 18.- Center l ine of supp ly  j e t  stream deflected through angle 8.  d = LSp tan 8.  
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Figure 19.- Conceptual output-pressure profiles as function of sweep distance 

for two amplifiers of different splitter distances. 
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Figure 20.- Pressure gain as function of splitter distance. 
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F i g u r e  21.- P r e s s u r e  g a i n  as f u n c t i o n  of r e c e i v e r  wid th .  
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F i g u r e  22.- Pressure  ga in  as func t ion  of  center -vent  wid th .  
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Figure 23.- Five amplifiers internally connected with supply and 
vent manifolds. Gp = 100 000. 
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A motion-picture film supplement L-1228 is available on loan. Requests 

will be filled in the order received. You will be notified of the approximate 

date scheduled. 

The film (16 mm, 20 min, color, sound) shows flow-visualization studies of 

the laminar flow in a proportional fluidic amplifier under varying operating 

conditions. 

Requests for the film should be addressed to: 

NASA Langley Research Center 

Att: Photographic Branch, Mail Stop 425 

Hampton, VA 23665 
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